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This report is onc  of a scries describing a innltidiscip1ina1.y multirrnlional 11,ZS.A 
rescarch study o n  the hlanagerne~lt of Energy/E~lviro~rmcirt Systems. Tht: primary 
objertiv-c ooC thc rcsearclr is thc dcvelopmt:nt of quar~titativc tools for rcgional encrgy 
and environment po1ic.y design and analysis--or, in a broader sellsc, the development 
of a coherent, realistic approach t o  energy/envirorrrnt:nt rnanagcnle~~t.  Particular atten- 
tion is bcing devoted to the design and  use of these tools at thc rcgional level. The  
outputs  of this rescarch program include concepts, applicd methodologies, and casc 
studies. During 1975, case studies were emphasized; they focussed o n  three greatly 
differing regions, ~iamely.  the German Democratic R e p ~ ~ b l i ~ ,  the RhGnc-Alpes region 
in southern France, and the state of Wisconsin in the U.S.A. The IIASA research was 
conducted within a network of collaborating institutions composed of the Institut fiir 
Energetlk, Leipzig; the Institut Econon~ique  et Juridique dc I'khergie, Grenoble; and 
the University of Wisconsin-Madison. 
This report is concerned with the means for more efficierltly embedding the energy/ 
environment models and information systcms into the decision and policy design struc- 
ture of a region. 
Other publications on  thc management of energy/environment systems are listed in 
the Appendix t o  this report. 
W.K. Foell 
June 1976 

S U M M A R Y  
A proccdurc is presented for coping with thc complexities of encrgylenvironmcnt 
decision processes. A convenient framework based on multiattribute decision analysis has 
been developed to  hclp a dccision maker evaluate er~ergylenvironmcnt alternatives in terms 
of the degree to which each of a set of objectives is met. The resulting composite environ- 
mental impact model links a preference modcl with a descriptive cnvironmer~tal impact 
model. The preference modcl allows one t o  evaluate alternative strategies by formally 
incorporating the dccision maker's utilitics (i.6:. preferences) with the quantified environ- 
mental impacts (supplied by the descriptive impart nlodel), the unquantified effects, and 
the conventional costs. Utility assessments were pc~rformcd for individuals in the Rhbne- 
Alpes region of France, the German Democratic Republic. and the state of Wisconsin in 
the U.S.A. The benefits of the process and its implen~entation appear significant. 
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Energy/Environment Management: 
Application of Decision Analysis 
1. INTRODUCTION 
The IIASA research program on management of energy/environ- 
ment systems [ I ]  has focussed during 1975 on three regions: 
the German Democratic Republic, the Rh8ne-Alpes in France, and 
the state of Wisconsin in the U.S.A. The system descriptions 
as well as the descriptions of institutional structure, models 
and scenarios developed for each of the regions in this study 
constitute an extremely large collection of information. 
Because of the limited nature of the policy questions addressed 
in the research, this information represents only the tip of 
the iceberg if one considers the energy/environment system in 
its entirety. The size and complexity of these information 
systems can be overwhelming. This report discusses the use of 
decision analysis as a means of more efficiently embedding the 
models and information systems in the decision and policy design 
structure of a region. 
1.1 Com~lexitv of the Manaaement Problem 
By our definition the energy/environment system contains 
the socio-economic, technological, and ecological attributes of 
a region. It is clearly a major task to describe a system and 
its internal interdependencies. In addition, in moving from 
this descriptive process to a prescriptive procedure whereby 
actual options and strategies are evaluated and chosen, the 
difficulty increases manyfold. If one adds the difficulty of 
embedding the descriptive and prescriptive process in an 
institutional structure for implementation, the overall 
management problem is truly formidable. 
The complexity of the management problem can be explained 
or described in part by the following characteristics: 
a. T h e  strong a n d  manifold interdependencies among the 
economic, technological, a n d  ecological characteristics 
of a region. These interdependencies are not only 
extremely difficult to quantify, but they also imply 
that conflicting objectives need to be considered 
within the management process itself. As a well-known 
example, we mention the current controversies about 
whether high rates of economic growth are compatible 
with a high quality environment. On a regional level, 
are certain environmental protection measures compatible 
with local economic growth and maintenance of jobs? 
b. Difficulties in identifying costs and benefits and in 
associating them with specific societal groups. 
Accounting in a quantitative way for attributes such 
as air quality, aesthetic values, and resource conser- 
vation is difficult to do today and becomes even more 
complex as they evolve through time. In addition, some 
of the costs are equally difficult to quantify. Even 
with perfect information about the costs and benefits, 
one can see that they are associated with different 
groups of people and that the costs and the benefits 
are not always bestowed upon individuals or groups in 
an equitable manner. 
C. Uncertainties -- changes over time. We may be uncertain 
about the benefits and costs of any particular management 
policy. Even if there exists today a good understanding 
of the system interdependencies, they may change 
strongly over time in a manner that we do not understand 
or may not even expect. Some of the long-term environ- 
mental effects could have delays associated with them 
so that it is difficult to estimate or quantify them 
with present information. 
d -  Difficulties in communicating t h i s  complex material. 
Even if the above information is known, it is extremely 
difficult to communicate it to individuals and insti- 
tutions that must either make a decision on the 
management problem or implement a strategy. The 
problem of communicating quantitative and technical 
information to people who are not specialists is indeed 
a formidable one. As the complexity of our technologi- 
cally oriented society increases, this problem is 
increasing in importance. 
e. Multiple decision makers often within overlapping 
institutional frameworks, for example, multiple levels 
of government. Because the energy/environment system 
cuts across many parts of the human enterprise, 
institutional structures that have evolved are seemingly 
as complex as the physical system. This results in a 
multiplicity and sometimes unidentified array of 
decision and policy makers who have strong involvement 
in the management problem. 
1.2 A ---- Specific Example: The Choice of Alternative Electricity 
- - - -  -- -  .- 
Supply -- Strategies 
Each of the three regions provides a wealth of examples 
of the complexity of this management problem. One problem 
that arises in all three regions and which is becoming increasingly 
important and visible for a broad spectrum of decision makers 
and the public is the evaluation of alternative electricity 
supply strategies. 
I n  Wiscons in ,  much o f  t h e  d i s c u s s i o n  o f  t h i s  q u e s t i o n  h a s  
f o c u s s e d  o n  t h e  r e l a t i v e  a d v a n t a g e s  and d i s a d v a n t a g e s  o f  
n u c l e a r  and c o a l  e l e c t r i c i t y - s u p p l y  s y s t e m s ;  t h e  r e l a t i v e  
e n v i r o n m e n t a l  i m p a c t s  o f  t h e  two s y s t e m s  have been t h e  major  
t o p i c s .  More r e c e n t l y ,  t h e  q u e s t i o n  o f  t h e  d e s i r a b i l i t y  o f  
c o n t i n u e d  g rowth  o f  e l e c t r i c i t y  s u p p l y  h a s  been b r o u g h t  i n t o  
t h e  d i s c u s s i o n .  I n  t h e  e y e s  o f  a  s i g n i f i c a n t  f r a c t i o n  o f  t h e  
Wiscons in  community, t h e  s o c i e t a l  c h o i c e  o f  l e v e l s  o f  e n e r g y  
usage  is  a  major  component o f  e n v i r o n m e n t a l  management. I t  
i s  one o f  t h e  most complex a s p e c t s  o f  t h e  problem [ 2 ] .  
I n  t h e  R h 6 n e - ~ l p e s ,  t h e  q u e s t i o n  is  o f  a  s i m i l a r  n a t u r e  
a l t h o u g h  t h e  s p e c i f i c  a l t e r n a t i v e  s t r a t e g i e s  d i f f e r  s l i g h t l y  
i n  form from t h o s e  i n  Wisconsin .  The c u r r e n t  s t r a t e g y  f a v o r e d  
by t h e  government i s  t o  implement a n  i n c r e a s i n g  p e n e t r a t i o n  o f  
e l e c t r i c i t y  u s a g e  i n  t h e  e n e r g y  m a r k e t ,  w i t h  a  major  f r a c t i o n  
o f  t h e  e l e c t r i c i t y  s u p p l i e d  by n u c l e a r  power. The c u r r e n t  
p l a n  o f  E l e c t r i c i t 6  d e  F r a n c e  i s  t o  have  i n  t h e  Rh6ne-Alpes 
a r e a  a n  i n s t a l l e d  c a p a c i t y  o f  a p p r o x i m a t e l y  6 ,000  MW (e )  by 
1980, and p o s s i b l e  c o n t i n u e d  s x p a n s i o n  t h e r e a f t e r .  Howevey, a  
r e c e n t  s t u d y  by t h e  I n s t i t u t  Economique e t  J u r i d i q u e  d e  1 ' E n e r g i e  i n  
Grenoble  p r o v i d e d  a  v i v i d  p i c t u r e  o f  a n  a l t e r n a t i v e  p l a n  t h a t  i n v o l v e d  
s i g n i f i c a n t  e n e r g y  c o n s e r v a t i o n  and i n c r e a s e d  emphas i s  o n  non- 
e i e c t r i c a l  forms o f  e n e r g y  131. Although t h e  d i s c u s s i o n  and 
a n a l y s i s  o f  e n v i r o n m e n t a l  i m p a c t s  o f  a l t e r n a t i v e  s y s t e m s  w e r e  
i n i t i a l l y  n o t  a s  i n t e n s i v e  a s  t h o s e  i n  Wiscons in ,  t h e y  a r e  nod 
r e c e i v i n g  i n c r e a s e d  a t t e n t i o n  i n  b o t h  p u b l i c  and government 
c i r c l e s .  
I n  t h e  GDR, t h e  e l e c t r i c i t y  g e n e r a t i o n  t e c h n o l o g y  h a s  been 
a l m o s t  e x c l u s i v e l y  based  upon l i g n i t e  f u e l .  Al though t h e  
economic and e n v i r o n m e n t a l  t r a d e o f f s  have been c o n s i d e r e d  i n  
t h e  s e l e c t i o n  o f  e n e r g y  s t r a t e g i e s ,  t h e  a v a i l a b l e  o p t i o n s  seem 
t o  have  been r e l a t i v e l y  na r row i n  scope .  However, when viewed 
o v e r  a  l o n g e r  t e r m  p e r s p e c t i v e , f o r  example ,  o v e r  t h e  n e x t  50 y e a r s ,  
t h e r e  a p p e a r s  t o  be a  r a n g e  o f  a l t e r n a t i v e s  a v a i l a b l e .  A s  i n  
t h e  o t h e r  two r e g i o n s ,  a l t e r i n g  t h e  n a t u r e  and magni tude  o f  
e n e r g y  demand would seem p o s s i b l e  by i n f l u e n c i n g  t h e  economic 
i n f r a s t r u c t u r e .  S i m i l a r l y ,  o v e r  t i m e  it a p p e a r s  f e a s i b l e  f o r  
t h e  GDR t o  c h o o s e  from a  spec t rum of  s u p p l y  t e c h n o l o g i e s ,  
i n c l u d i n g  e l e c t r i c i t y  ( v i a  n u c l e a r )  o r  a  r a n g e  o f  n o n - e l e c t r i c a l  
s t r a t e g i e s ,  f o r  example ,  d i s t r i c t  h e a t i n g .  
I t  i s  t h e r e f o r e  p o s s i b l e  t o  d i s c u s s  a  s i m i l a r  s u b s e t  o f  
energy /env i ronment  p o l i c y  c o n s i d e r a t i o n s  w i t h i n  e a c h  o f  t h e  
t h r e e  r e g i o n s  s t u d i e d  i n  t h e  IIASA r e s e a r c h  p r o j e c t .  I n  e a c h ,  
a  v a r i e t y  o f  d i f f e r e n t  a p p r o a c h e s ,  i n c l u d i n g  t h e  u s e  o f  models 
and i n f o r m a t i o n  s y s t e m s ,  i s  b e i n g  a p p l i e d  t o  a n a l y z e  p o l i c i e s  
w i t h i n  t h e  a p p r o p r i a t e  i n s t i t u t i o n a l  s t r u c t u r e s .  S e v e r a l  
p u b l i c a t i o n s  have d e s c r i b e d  b o t h  t h e  models  [ 4 ]  and t h e  
i n s t i t u t i o n a l  s t r u c t u r e s  [ 5 ] .  I n  a d d i t i o n ,  a l t e r n a t i v e  e n e r g y /  
env i ronment  s c e n a r i o s  have  been deve loped  f o r  each  o f  t h e  r e g i o n s .  
The e l e c t r i c a l  e n e r g y  o p t i o n s  d e s c r i b e d  above form a  major  
segment  of t h e  p o l i c y  a n a l y s i s  i n  e a c h  o f  t h e  r e g i o n s ,  b o t h  i n  
t h e i r  own i n s t i t u t i o n a l  d e l i b e r a t i o n s  and i n  t h e  s c e n a r i o s  
developed at IIASA. However, even if extensive models, informa- 
tion systems and scenarios for a region's energy/environment 
system exist, the policy analysis and decision process remains 
a formidable task, primarily because of the complexities 
described in Section 1 . 1  of this paper. In the following section, 
decision analysis is presented as one approach to evaluating 
alternative policy designs for these complex systems. 
1 . 3  Multiattribute Decision Analysis: A Supplemental Tool 
for Energy/Environment Policy Design 
Energy/environment policy in each of the three regions is 
based in part on the use of formal models. This is true to 
the greatest extent in the GDR, to a lesser degree in Wisconsin, 
and only in a minor way in the Rh6ne-Alpes. As described in 
Born et a1 [ 5 ] ,  the GDR models devote considerable attention 
to specifying energy demand and then to satisfying this demand 
in some "optimal" manner. The Wisconsin models place more 
emphasis on alternative scenarios produced by a simulation model, 
and explicitly relate various demand-supply scenarios to a 
broadly-based array of environmental impact models. In general, 
the French models are not regional in nature, but rather are 
national sectoral planning or forecasting models; environmental 
impact is usually modelled on a site-specific basis. 
If, for the purposes of discussion, we temporarily disregard 
the differences among the above models, we may view each regional 
set of models as a technical-economic-environmental model 
that either describes or prescribes alternative energy/environment 
futures in terms of a large number of characteristics or 
attributes. Examples of these model outputs are kilowatt-hours 
of electricity generated annually, and tons of SO2 emitted 
annually from coal-fueled power plants. 
In general, these models are meant to be as objective as 
possible, that is, the models contain a minimum of subjective 
or value-judgment content. Clearly this is not possible in 
a strict sense since a model can be no more than a reflection of 
the model-builder's view of a simplified image of reality. 
The model hopefully provides the best description that he can 
produce. 
However, because of the earlier-mentioned high degree of 
complexity of the energy/environment systems, it is often difficult 
to use the models for evaluating specific policies. With this 
in mind, we suggest that it may be useful to introduce a prefer- 
ence model into the process. The use of a preference model can 
provide a convenient framework to help a decision maker evaluate 
alternatives in terms of the degree to which each of a set of 
objectives is met. 
The relationship between the energy/environment impact 
model and the preference model is illustrated in Figure 1 .  
The outputs of the impact model are impact levels of the attributes, 
that is, the altered state of the systems. Examples are the 
sets of environmental impacts associated with the various 
regional scenarios. The creation and application of a preference 
model using multiattribute decision analysis is the primary 
subject of this paper. 
EVALUATION OF 
ALTERNATIVES 
- - - - - - - - - - - - - - - - - - - - - - - - - 1 r---- -------- 
ALTERNATIVE 1 
I ASSUMPTIONS 1 I I I I 8 P O L I C I E S  I 1 
I I I 
. IMPROVED UNDER- 
STANDING OF ENERGY/ 
ENVIRONMENT SYSTEM 
I I 
I C O N D I T I O N  I I 
I OF ENERGY/ + ENVIRONMENT , 
ENVIRONMENT IMPACT I 
Figure 1. Relationship between impact model and preference model. 
PREFERENCE 
MODEL 
I 
I 
1.4 Organization of the Paper 
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The organization of the remainder of this paper is as 
follows. Section 2 suggests multiattribute decision analysis 
for formally addressing some of the complexities of managing 
energy/environment systems. It provides an overview of the 
basis and the procedures for deriving the utility functions 
required for the suggested approach. Section 3 presents an 
application of this approach to the analysis of an illustrative 
set of scenarios produced with the aid of the Electricity Impact 
Model (EIM) of the Wisconsin Regional Energy Model. It includes 
a brief description of the impact model, the construction of the 
preference model, and its application to the illustrative scenar- 
ios. Section 4 presents some further discussion of the IIASA 
experience with this approach to energy/environment management, 
and some of its benefits. Section 5 closes with a discussion 
of potential methods and opportunities for application, in 
particular with respect to the three regions studied at IIASA 
in 1975. 
2. MULTIATTRIBUTE DECISION ANALYSIS 
Most of the models developed to assist those making energy 
policy try to specify the altered state of the energy/environment 
system resulting from each of the available alternatives. This 
state is usually described in terms of several factors or 
attributes. For instance, the policy of introducing nuclear 
power facilities may result in levels of radioactive waste, 
of power generated, of water used, of land occupied, of deaths 
owing to the energy produced or to the lack of energy and so 
forth. The model might either give point estimates of such 
levels or present the information in a probabilistic fashion. 
Then the decision maker is supposed to consider these possible 
states and to select the best policy from the alternatives. 
To effectively process all the information in one's mind is 
a difficult task. From the outline of the problem given in 
Section 1 ,  three major complexities leading to this difficulty 
may be observed: 
Uncertainties about what the impact of any alternative 
might be, especially when one considers the time frame 
involved ; 
The multiple objective nature of the problem and the need 
to make value tradeoffs among various levels of indicators; 
and 
The difference among the preference structures of the 
individual members of the decision-making unit, and the 
lack of systematic procedures for articulating and resolving 
these differences. 
Two general approaches for addressing these issues are an 
informal qualitative approach and a formal quantitative one1. 
For the informal approach, one processes in his own mind the 
pros and cons of each of the alternatives and discusses his 
thinking with other concerned members of the decision-making 
body; eventually a decision results from either agreement or 
compromise or ... . The formal approach attempts to quantify 
the preference structure of each of the decision makers, and to 
couple this with the implications of the impact model to examine 
policy. The individual preference models allow one to explore 
the areas of agreement and disagreement among decision makers. 
'whether a group opts for the formal or the informal process 
is itself a decision. Some of the advantages and disadvantages 
of each are suggested in Keeney and Raiffa [ 61 .  
The process itself is important in addressing the third 
complexity mentioned above. Here, we would like to give a 
flavor for the formal approach. 
The result of quantifying one's preferences is a model of 
these preferences called a utility function. When multiple 
objectives are involved, a measure of effectiveness, or 
attribute, is needed to indicate the degree to which each 
objective is met. Hence the terminology, multiattribute 
utility function. This multiattribute utility function is 
simply an objective function (to be maximized) with one 
special property: in cases involving uncertainty, the expected 
utility calculated for an alternative is an appropriate measure 
of the desirability of that alternative. Thus if one accepts 
a set of reasonable axioms postulated by von Neumann and 
Morgenstern [7], one should choose the alternative leading 
to the highest expected utility. 
2.1 Terminology of Multiattribute Utility 
Let us introduce the terminology within the framework of 
energy policy. We are oversimplifying, but let us suppose that 
there are only four objectives: 
01 E minimize fatalities; 
02 E minimize SO2 pollution; 
O3 = minimize radioactive waste; and 
04 E optimize energy generated. 
For each of these objectives, we need an attribute to measure 
the degree to which it is met. Suppose that we select the 
attributes as defined in Table 1 below for this purpose; the 
selected ranges are based on previous studies. If we define 
xi to be a specific level of Xi, then xl = 230 means that 
XI is equal to 230 deaths; thus our problem is to find a utility 
function u (x, ,x2,xj,x4) over the four attributes XI ,X2, X3, X4. 
Table 1. Attributes and ranges used for utility assessments. 
Range 
100 - 700 
5 - 80 
0 - 200 
0.5 - 3.0 
Attributes 
X1 = Total quantified fatalities 
X2 = SO2 pollution 
X3 = Radioactive waste 
X4 = Electricity generated 
* 
Kilowatt-hours of electricity. 
- 
Units 
Deaths 
6 10 tons 
Metric tons 
1012 kwh (e) * 
f f  ye have a s se s sed  u, we can s a y  ( x l , x 2 , x  , x 4 )  i s  p r e f e r r e d  
1 1  t o  ( x I , x 2 , x 3 , ~  ) i f  u ( x  , x ~ , x 3 , x 4 )  is g r e a t e r  &an u ( x ' , x ~ . x ~ , x ~ ) .  
More i f  p o l i c y  A l e a d s  t o  an  expected u t i l i t y  
of 11.3 and p o l i c y  B l e a d s  t o  a n  expected u t i l i t y  of 9 . 6 ,  t hen  
p o l i c y  A should be s e l e c t e d  over  p o l i c y  B. 
2.2 M u l t i a t t r i b u t e  U t i l i t y  Theory 
The main r e s u l t s  of m u l t i a t t r i b u t e  u t i l i t y  t heo ry  a r e  
r e p r e s e n t a t i o n  theorems t h a t  s t a t e  c o n d i t i o n s  under which a  
u t i l i t y  f u n c t i o n  can be expressed  i n  a  s p e c i f i c  s imple  f u n c t i o n a l  
form. I f  such a  form i s  a p p r o p r i a t e  f o r  an a n a l y s i s ,  it i s  
t hen  g e n e r a l l y  much e a s i e r  t o  proceed wi th  t h e  assessments  
needed t o  s p e c i f y  t h e  u t i l i t y  f u n c t i o n .  
The b a s i c  n o t i o n s  used i n  d e r i v i n g  r e p r e s e n t a t i o n  theorems 
a r e  t h e  concepts  of p r e f e r e n t i a l  independence and u t i l i t y  
independence. Le t  us  e x p l a i n  t h e s e  concepts  i n  terms o f  our  
s i m p l i f i e d  f o u r - a t t r i b u t e  problem and then  s t a t e  t h e  represen-  
t a t i o n  theorem used i n  s t r u c t u r i n g  p r e f e r e n c e s  . 
Preferential Independence: The p a i r  {xl ,X 1 i s  pre fe ren -  
t i a l l y  independent  of {X3, x4 } i f  one ' s pregerence  o r d e r  
f o r  x l , x 2  combinat ions i n  (x l , x2 ,x3 ,x  ) ,  given  t h a t  x3 
and x4 a r e  he ld  f i x e d ,  does n o t  depena on t h e  l e v e l s  where 
t hey  a r e  f i x e d .  
Th i s  assumption i s  e q u i v a l e n t  t o  say ing  t h a t  t h e  va lue  
t r a d e o f f s  between f a t a l i t i e s  and SO2 p o l l u t i o n  l e v e l s  do n o t  
depend on t h e  r a d i o a c t i v e  waste and t h e  energy genera ted .  I t  
i m p l i e s ,  f o r  i n s t a n c e ,  t h a t  t h e  i n d i f f e r e n c e  curves  over  X I  
and X2 l e v e l s  do n o t  depend on X3 and X 4 .  
Utility Independence: A t t r i b u t e  X1 i s  u t i l i t y  independent  
of {X2,X3,X4I i f  o n e ' s  p r e fe rence  o r d e r  f o r  l o t t e r i e s 2  on 
X I ,  wi th  x2,x3.  and x4 he ld  f i x e d ,  does  n o t  depend on t h e  
l e v e l s  where t hey  a r e  f i x e d .  
Th i s  assumption i s  e q u i v a l e n t  t o  say ing  t h a t  d e c i s i o n s  
concern ing  a l t e r n a t i v e s  f o r  which t h e  impact on SO2 p o l l u t i o n ,  
r a d i o a c t i v e  was te ,  and energy genera ted  i s  i d e n t i c a l  can be 
made by cons ide r ing  t h e  o v e r a l l  impact on f a t a l i t i e s  on ly  and 
t h a t  t h e s e  d e c i s i o n s  w i l l  be made i n  t h e  same manner r e g a r d l e s s  
of t h e  l e v e l s  of SO2 p o l l u t i o n ,  r a d i o a c t i v e  was te ,  and energy 
gene ra t ed .  
L~ l o t t e r y  i s  de f ined  by i n d i c a t i n g  a l l  p o s s i b l e  consequences 
which may occur and t h e i r  a s s o c i a t e d  p r o b a b i l i t i e s .  L o t t e r i e s  
on X1 a r e  l o t t e r i e s  involv ing  u n c e r t a i n t i e s  about  t h e  l e v e l  of 
XI on ly .  
Using such independence notions, a multiattribute utility 
function can be decomposed into parts. The following is an 
illustration of one such decomposition. 
T h e o r e m .  Given { x ~ , X ~ , X ~ , X ~ ~ ,  if { X ~ , X ~ } ,  i = 2,3,4, is 
preferentially independent of the other two attributes 
and if X1 is utility independent of ~ X ~ , X ~ , X ~ ~ ,  then 
either 
here u and ui, i = 1,2,3,4, are utility functions scaled 
from zero to one, the ki are scaling constants with 
0 < ki < 1, and k > -1 is the nonzero solution to 
Equation (1) is the additive utility function, and (2) 
is the multiplicative utility function. More details about 
these, including suggestions for assessment, are found in 
Keeney [ 8 ] .  The important point is that, provided the 
appropriate assumptions hold, the four-attribute utility function 
can be assessed by assessing four one-attribute utility functions, 
ui, plus four scaling constants, ki. Such a decomposition 
makes assessment of u a simpler task. 
2.3 Assessing a Utility Function 
The actual assessment process requires personal inter- 
action with the decision maker, since his utility function is 
(and should be) a formalization of his subjective preferences. 
The utility function allows us to combine in a logically 
consistent manner the contribution of fatalities, the SO2 
pollution, the radioactive waste, and the electrical energy 
generated into one index of desirability (namely, utility) 
for each of the possible states (xl,x2,x3,xq). TO capture the 
decision maker's preferences requires that he explicitly address 
two types of issues: 
a) Relative desirability of different degrees of 
achievement of a particular objective, and 
b )  R e l a t i v e  d e s i r a b i l i t y  o f  some s p e c i f i e d  ach ievement  
o f  one  o b j e c t i v e  v e r s u s  a n o t h e r  s p e c i f i e d  d e g r e e  o f  
ach ievement  o f  a  second o b j e c t i v e .  
The f i r s t  t y p e  o f  i s s u e  a l l o w s  u s  t o  d e t e r m i n e  t h e  u i l s  i n  
e q u a t i o n s  ( 1 )  and ( 2 ) ,  whereas  t h e  second t y p e  p r o v i d e s  t h e  
i n f o r m a t i o n  f o r  s p e c i f y i n g  t h e  k i ' s .  L e t  u s  i l l u s t r a t e  t h e  
t y p e s  o f  q u e s t i o n s  used  t o  o b t a i n  a  u t i l i t y  f u n c t i o n .  
A q u e s t i o n  i l l u s t r a t i n g  i s s u e  a )  above migh t  be p r e s e n t e d  
t o  t h e  d e c i s i o n  maker a s  f o l l o w s :  
Suppose you must  choose  between two a l t e r n a t i v e s .  I t  
seems t o  you t h a t  t h e i r  i m p a c t s  i n  t e r m s  of a l l  t h e  
a t t r i b u t e s  e x c e p t  e n e r g y  g e n e r a t e d  a r e  a b o u t  e q u a l .  
A l t e r n a t i v e  A ,  which i s  t h e  s t a t u s  quo o  t i o n ,  h a s  l i t t l e  
u n c e r t a i n t y  and w i l l  r e s u l t  i n  1 . 5  - 1  Olq kwh ( e )  o v e r  t h e  
n e x t  30 y e a r s .  On t h e  o t h e r  hand,  a l t e r n a t i v e  B  i s  inno-  
v a t i v e  and h a s  a  l a r g e  d e g r e e  o f  u n c e r t a i n t y .  B e s t  
e s t i m a t e s  and e x p e r i m e n t s  i n d i c a t e  t h a t  w i t h  a l t e r n a t i v e  
B ,  t h e r e  i s  a b o u t  a  50-50 chance  o f  1 .1  o r  2.1 . 1012 kWh(e) 
i n  t h e  same p e r i o d .  I f  you have c o m p l e t e  r e s p o n s i b i l i t y  
f o r  t h e  d e c i s i o n ,  which a l t e r n a t i v e  would you choose?  
It i s  e a s y  t o  s e e  t h a t  B l e a d s  t o  a n  a v e r a g e  o f  1 .6  . l o 1  
kWh(e) ,  b u t  because  o f  t h e  r i s k s  i n v o l v e d ,  t h e  s u r e  1 . 5  may 
be p r e f  e r r e d 3 .  
A q u e s t i o n  a d d r e s s i n g  i s s u e  ( b )  above i s  a s  f o l l o w s :  
Two compet ing p o l i c i e s  C and D w i l l  r e s u l t  i n  i d e n t i c a l  
consequences  i n  t e r m s  of SO2 p o l l u t i o n  and r a d i o a c t i v e  w a s t e .  
P o l i c y  C w i l l  g i v e  you 2.0 1012 kWh(e) b u t  w i l l  r e s u l t  i n  
500 f a t a l i t i e s  o v e r  t h e  n e x t  30 y e a r s .  P o l i c y  D l e a d s  t o  
o n l y  1.4 1012 kWh(e) b u t  t h e  a s s o c i a t e d  d e a t h s  a r e  250. 
I f  t h e  r e s p o n s i b i l i t y  i s  y o u r s ,  which o f  t h e  two p o l i c i e s  
would you s e l e c t ?  
C o l l e c t i v e l y ,  t h e  r e s p o n s e s  t o  t h e  two q u e s t i o n s  d i r e c t l y  
a d d r e s s  t h e  u n c e r t a i n t y  and m u l t i p l e  o b j e c t i v e  c o m p l e x i t i e s  
r a i s e d  a t  t h e  b e g i n n i n g  o f  t h i s  s e c t i o n .  We would n a t u r a l l y  
e x p e c t  t h a t  i f  i n d i v i d u a l s  of a  d e c i s i o n  making u n i t  went 
t h r o u g h  such  a  l i n e  o f  q u e s t i o n i n g ,  t h e y  would respond  d i f f e r e n t l y .  
T h i s  would r e s u l t  i n  d i f f e r e n t  u t i l i t y  f u n c t i o n s .  By examining 
t h e s e  u t i l i t y  f u n c t i o n s ,  it  may be  p o s s i b l e  t o  g e t  a  c l e a r  
i n d i c a t i o n  o f  t h e  s u b s t a n c e  and d e g r e e  of d i s a g r e e m e n t .  T h i s  
i s  a  f i r s t  s t e p  f o r  r e s o l v i n g  t h e  d i f f e r e n c e s .  
3 ~ t  i s  i m p o r t a n t  t o  n o t e  h e r e  t h a t  i n  o u r  o v e r s i m p l i f i c a t i o n  
o f  t h e  problem t o  i l l u s t r a t e  t h e  c o n c e p t s ,  we have n e g l e c t e d  t h e  
a d d i t i o n a l  v a l u e  one may g i v e  t o  new t e c h n o l o g y .  
3. APPLICATION OF MULTIATTRIBUTE DECISION ANALYSIS TO 
ILLUSTRATIVE ENERGY/ENVIRONMENT POLICIES 
3.1 Introduction 
Multiattribute decision analysis is applied to an 
illustrative set of alternative energy/environment policies. 
Specific policies are used to define and generate a scenario. 
In this example, to describe the impacts of various policies, 
we use the Electricity Impact Model (EIM) of the Wisconsin 
Regional Energy Model, described in the next subsection. The 
construction of the preference model is presented in the second 
subsection, and the application of the preference model to the 
illustrative scenarios is the subject of the final subsection. 
The generalized framework of the composite environmental 
model in Figure 1 is made explicit in Figure 2 for the case of 
a specific set of energy/environment policies. The assumptions 
specifying a policy are provided as input to the EIM, which 
produces quantified impacts for that policy, Q1ll,..-,QI~~. 
These impacts are aggregated into a small number of attributes, 
XI, ...,Xll, that include "proxy attributes" for recognized 
unquantlfled impacts that are considered important. For 
example, the mass of radioactive waste produced could be used as 
a proxy for the real and/or imagined impacts of radioactive waste. 
The preference model, based on the measured utility function for a 
particular individual, allows one to calculate the expected 
utility associated with each alternative policy for that 
individual. The policy option corresponding to the policy with 
the highest expected utility is the best choice. 
3.2 The Electricity Impact Model (EIM) 
The EIM [9,10], originally constructed as part of the 
Wisconsin Regional Energy Model [Ill, provides a list of 
quantified environmental impacts associated with a specified 
regional electricity demand and supply mix over a period of time 
The primary input to the model is a set of assumptions about: 
quantity and sources of electrical generation as a function of 
time4; and important parameters, possibly time-dependent, 
that affect impacts. The primary output is an array of 
quantified environmental impacts associated with supporting 
fuel industries as well as the power plant itself. These 
systemwide impacts occur as a direct result of the electricity 
generation; a significant portion of the impacts may be imposed 
in regions other than the region where electricity is generated. 
For example, uranium is mined in the western part of the United 
States to fuel nuclear reactors located in Wisconsin. 
 his information can be provided by other models, such 
as other submodels of the Wisconsin Regional Energy Model. 
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Figure 2. Composite environmental impact model. 
While it i s  d i f f i c u l t  t o  d i s p l a y  i n  a  g e n e r a l  f a s h i o n  
how t h e  u s e  of  e l e c t r i c i t y  r e s u l t s  i n  f i n a l  i m p a c t s ,  F i g u r e  3 
shows t h e  pathways f o r  t h e  m a j o r i t y  of  e f f e c t s .  F i n a l  impac t  
a s  used  h e r e  i s  t h e  q u a n t i t a t i v e  r e s u l t  t h a t  h a s  a  minimum of  
v a l u e  judgment a s s o c i a t e d  w i t h  it. Pathway 1 i n c l u d e s  i m p a c t s  
s u c h  a s  a i r  p o l l u t i o n  from c o a l - f i r e d  p l a n t s ,  r a d i o a c t i v e  
r e l e a s e s  f rom t h e  n u c l e a r  r e a c t o r ,  c h e m i c a l  r e l e a s e s  from t h e  
power p l a n t ,  and w a s t e  h e a t .  The d i r e c t  e f f e c t s  of  e l e c t r i c a l  
g e n e r a t i o n  shown a s  Pathway 2 a r e  e f f e c t s  a t  t h e  power p l a n t  
s u c h  a s  l a n d  and w a t e r  u s e .  Pathway 3 a c c o u n t s  f o r  o c c u p a t i o n a l  
h e a l t h  and r i s k ,  such  a s  uranium min ing  a c c i d e n t s  and uranium 
m i n e r s '  e x p o s u r e  t o  r a d i a t i o n .  P o l l u t i o n  from f u e l  c y c l e  
o p e r a t i o n s ,  s u c h  a s  r a d i o a c t i v e  r e l e a s e s  from n u c l e a r  f u e l  
r e p r o c e s s i n g  p l a n t s ,  i s  r e p r e s e n t e d  by Pathway 4 .  O c c u p a t i o n a l  
h e a l t h  and a c c i d e n t  r i s k  a t  t h e  power p l a n t  i t s e l f  i s  shown 
a s  Pathway 5. To compare f u t u r e  a l t e r n a t i v e s ,  t h e  d e c i s i o n  
maker must  combine t h e s e  q u a n t i f i e d  f i n a l  i m p a c t s  w i t h  t h e  
u n q u a n t i f i e d  i m p a c t s ,  t h e  c o n v e n t i o n a l  c o s t s ,  and o t h e r  f a c t o r s  
t h a t  a f f e c t  h i s  d e c i s i o n  p r o c e s s .  
The c a l c u l a t i o n  of  i m p a c t s  f rom a  p a r t i c u l a r  e n e r g y  
s y s t e m  i n  a  p a r t i c u l a r  y e a r  is  b a s e d  upon impac t  f a c t o r s  t h a t  
r e l a t e  i m p a c t s  t o  a  u n i t  of  e l e c t r i c i t y  g e n e r a t i o n  f o r  a  
r e f e r e n c e  p l a n t  i n  a  s p e c i f i e d  y e a r .  The impac t  f a c t o r  c a n  be  
v a r i e d  a s  a  f u n c t i o n  o f  t i m e  t o  s i m u l a t e  changes  i n  t e c h n o l o g y  
Figure 3. Electrical energy impact pathways. 
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or regulation. There are nearly 1 0 0  individual impact factors 
associated with each energy system in the EIM. The total number 
of impact categories in the EIM is well over 1 0 0  since some 
energy systems have unique impact categories, for example, 
cases of black lung disability from underground bituminous coal 
mining. 
Since all impacts cannot be quantified, the output of the 
EIM cannot be considered a complete set of impact information. 
Environmental impacts can be divided into quantified impacts 
or those included in the EIM, and unquantified impacts, or 
all other impacts not included in the EIM. Some impacts are 
unquantified because: a) they have just been recognized as 
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potentially important and therefore have not been investigated; 
b) because they are not even recognized as impacts; or 
C) quantification is based almost entirely on value judgment. 
However, merely specifying and defining the impacts to be 
calculated requires some value judgments. Two examples of 
recognized unquantified impacts that are not included in the 
EIM are: the potential long-term global climatic effects of 
continued C02 release from fossil fuel combustion [ 1 2 ] ;  and 
the potential long-term risks associated with radioactive 
waste [ 1 3 ] .  Such potential impacts are difficult to quantify 
in conventional terms, but concerns over such recognized unquanti- 
fied impacts can be included in multiattribute decision analysis 
by defining an appropriate attribute. 
POLLUTAI.iT 
TRANSPORT 
DOSE- 
RESPONSE 
'OR DAF'AGE 
FUNCTION 
' 
EXPCSUP,E OF 
L l V l l J G  AND 
NON-L IV ING 
THINGS 
Since there is uncertainty associated with each of the 
impact factors in the EIM, the levels of impacts determined by 
the model could be expressed in terms of a probability 
distribution. The impacts estimated by the EIM do not have 
explicit probability distributions associated with them because, 
in general, the available data do not warrant the increased 
effort required to incorporate probability distributions in the 
model. However, if any of the quantified impacts were expressed 
in terms of probability distributions, the decision analysis 
framework presented in the previous section would become even more 
useful. In such a case,the probability distributions and utility 
functions would be integrated to provide expected utility. If 
the total impact of an alternative was quantified by probability 
density function p(x) over consequences 5 : (XI, ..., xll), then 
the expected utility E(u) for that alternative is given by 
integrated over all possible consequences. The ability to 
handle preferences under uncertainty is one of the strengths 
of utility theory. This quantification of probabilities and 
utilities greatly facilitates the use of sensitivity analyses. 
3.3 Construction of the Preference Model 
As shown in Figure 2, utility must be assessed in order 
to construct the preference model. The first utility assess- 
ments based upon the results of the EIM were carried out over the 
eleven attributes given in Table 2 [14]. These attributes are 
an aggregation of the numerous impact categories provided by 
the EIM. Since the selection of attributes also depends on 
preferences and value judgments, another set of attributes may 
be more appropriate for a particular individual. For example, 
some people may feel that since occupational risks are presum- 
ably taken voluntarily, occupational fatalities should be 
considered separately from public fatalities. The first 
attribute is the sum of all quantified health and accident 
fatalities, both occupational and public. Therefore, there 
should be interaction between the utility assessment and the 
specification of the aggregated attributes as indicated in 
Figure 2. 
From the eleven attributes used in the initial study, a 
set of four was selected to simplify the problem for the 
purpose of demonstrating the methodology in this paper. The 
four attributes and their ranges for utility assessments were 
given in Table 1. The ranges are representative of the 
cumulative impacts and electrical generation that may occur 
for a variety of scenarios for Wisconsin over the period 1970 
through 2000. 
Table 2. Attributes for initial application of multiattribute 
decision analysis to the Wisconsin electrical 
energy system. 
Attributes units* 
1. Total quantified fatalities Deaths 
2. Permanent land use Acres 
3. Temporary land use Acres 
4. Water evaporated 1012 gallons 
5. SO emissions 6 2 10 tons 
6. Particulate emissions lo6 tons 
7. Thermal energy needed 1012 kWh (th) 
8. Radioactive waste Metric tons 
9. Nuclear safeguards Tons Puf produced 
10. Health effects of chronic air Tons lead eqitted 
pollution exposure 
11. Electricity generated 1012 kwh (e) 
* 
Puf is fissile plutonium; kWh(th)is thermal kilowatt-hours; 
and kWh(e) is electric kilowatt-hours. Source: [ 1 4 ] .  
Preliminary utility assessments were completed for five 
individuals from the Rh6ne-Alpes, the GDR, and Wisconsin. The 
group included a mixture of decision makers and energy/environ- 
ment specialists. The non-Wisconsin individuals were made 
aware of current trends in Wisconsin electricity use so that 
they could understand the ranges of that attribute. The first- 
cut assessments presented here required two to three hours 
from each of the individuals whose utility function was measured. 
The assessment procedure was divided into five steps: 
Familiarizing the "decision maker" with the concepts of 
utility theory as discussed in Section 2; 
Verifying preferential independence and utility independence 
assumptions; 
Assessing single-attribute utility functions; 
Assessing the scaling constants; and 
Checking for consistency. 
Some r e s u l t s  o f  t h e  a s s e s s m e n t s  a r e  g i v e n  h e r e ;  d e t a i l s  o f  
t h e  a s s e s s m e n t  p r o c e d u r e  a r e  d e s c r i b e d  i n  Keeney [ 1 4 ] .  
The u t i l i t y  f u n c t i o n  u i  o v e r  a t t r i b u t e  X i  i s  s e t  e q u a l  
t o  z e r o  a t  t h e  l e a s t  d e s i r a b l e  l e v e l  o f  Xi i n  t h e  r a n g e ,  and 
s e t  e q u a l  t o  one a t  t h e  most d e s i r a b l e  l e v e l  of  X i  i n  t h e  r a n g e .  
The s h a p e  of  t h e  f u n c t i o n  i s  d e t e r m i n e d  by a s k i n g  q u e s t i o n s  o f  
t y p e  ( a )  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n .  The r e s u l t s  f o r  
i n d i v i d u a l  B a r e  g i v e n  i n  F i g u r e  4 .  The s h a p e s  o f  t h e  c u r v e s  
i n d i c a t e  t h a t  f o r  f a t a l i t i e s ,  SO2, and e l e c t r i c i t y  g e n e r a t i o n ,  
i n d i v i d u a l  B p r e f e r r e d  t h e  m i d p o l n t  o f  t h e  r a n g e  t o  a  l o t t e r y  
t h a t  r e s u l t e d  i n  a  50 p e r c e n t  chance  o f  t h e  most  d e s i r a b l e  
l e v e l  and a  50 p e r c e n t  chance o f  t h e  l e a s t  d e s i r a b l e  l e v e l .  
I n  t h e  c a s e  o f  r a d i o a c t i v e  w a s t e ,  i n d i v i d u a l  B p r e f e r r e d  t h e  
" b e s t - w o r s t "  l o t t e r y  o v e r  a  c e r t a i n  100 m e t r i c  t o n s  o f  w a s t e .  
S e v e r a l  o f  t h e  u t i l i t y  f u n c t i o n s  f o r  t h e  o t h e r  i n d i v i d u a l s  were  
l i n e a r ;  i n  t h a t  c a s e  t h e  i n d i v i d u a l  was i n d i f f e r e n t  between 
t h e  m i d p o i n t  and a  50-50 l o t t e r y  i n v o l v i n g  t h e  ex t reme  l e v e l s  
o f  t h e  a t t r i b u t e .  I n d i v i d u a l  D f e l t  t h a t  t h e  most  p r e f e r r e d  
l e v e l  o f  e l e c t r i c a l  g e n e r a t i o n  was a p p r o x i m a t e l y  1 . 5  - 1012 
kWh(e) and t h a t  t h e  l e a s t  d e s i r a b l e  l e v e l  i n  t h e  r a n g e  was 
0 .5  1012 kWh(e) .  T h e r e f o r e ,  h i s  u t i l i t y  f u n c t i o n  f o r  t h a t  
a t t r i b u t e  h a s  a  peak and i s  less t h a n  1 .0  a t  t h e  h i g h e s t  v a l u e  
o f  e l e c t r i c i t y  g e n e r a t i o n .  
x1 
FATALITIES 
x2 
106 TONS SO2 
x 3  X& 
METRIC TONS OF 1012 k W h  (e) 
RADIOACTIVE M S T E  
Figure 4. Utility functions for individual B. 
The scaling constants for the utility functions are shown 
in Table 3. Three of the individuals' overall utility functions 
turned out to be multiplicative and the other two additive. 
The values of the ki depend strongly on the ranges of the 
attributes shown in Table 1. If the range of one of the 
attributes were changed, a22  ki would change. Since the ki 
do not necessarily sum to 1 ,  comparison of the absolute 
values of the kits among different people has no meaning. 
Comparison of the ki's for an individual indicates the relative 
importance of each of the attributes for the specified ranges. 
Total quantified fatalities had either the largest or the second 
largest ki in all five cases. Electricity generation ranked 
first in importance for the only individual who did not have kl 
larger than the other ki. 
Table 3. Utility function scaling constants for five individuals. 
Consistency checks were carried out on the assessments 
and some adjustments were made in each of the cases. However, 
some inconsistencies remained unresolved because of time limita- 
tions. It should be emphasized that the utility functions 
presented here are the results of brief initial assessments; 
it is anticipated that further assessment of these individuals 
would lead to some changes. 
Mu1 tipli- 
cative 
scaling 
constant 
(Eqn. 2 )  
k 
13.8 
0.8 
-0.4 
-- * 
-- * 
Fatalities 
Individual 1 
A 0.30 
B 0.60 
C 0.33 
D 0.65 
E 0.61 
*These individuals had additive utility functions (Eqn.1). 
Electricity 
Generated 
4 
0.030 
0.10 
0.55 
0.09 
0.11 
SO2 
k2 
0.05 
0.016 c 
0.275 
0.02 
0.14 
adioactive 
Waste 
3 
0.015 
0.14 
0.0 
0.24 
0.14 
3.4 A p p l i c a t i o n  o f  U t i l i t y  F u n c t i o n s  t o  P o l i c i e s  
The s c a l i n g  f a c t o r s  i n  T a b l e  3  and t h e  u i (x i )  s p e c i f y  
c o m p l e t e l y  t h e  m u l t i a t t r i b u t e  u t i l i t y  f u n c t i o n ,  u ( x l , x 2 , x 3 , x 4 ) .  
These f i v e  f i r s t - c u t  u t i l i t y  f u n c t i o n s  were used t o  e v a l u a t e  
e x p e c t e d  u t i l i t i e s  a s s o c i a t e d  w i t h  s e v e r a l  p o l i c i e s  f o r  
e l e c t r i c a l  g e n e r a t i o n  i n  Wiscons in  o v e r  t h e  p e r i o d  1970 t h r o u g h  
2000. The l e v e l s  o f  t h e  f o u r  a t t r i b u t e s  and t h e  e x p e c t e d  
u t i l i t i e s  f o r  e a c h  o f  t h e  i n d i v i d u a l s  a r e  l i s t e d  i n  T a b l e  4. 
The r e f e r e n c e  c a s e - - a t t r i b u t e s  a t  e x t r e m e  l e v e l s - - i s  l i s t e d  
s i m p l y  f o r  o r i e n t a t i o n ;  it u s e s  t h e  "most  d e s i r a b l e  l e v e l s " ,  
t h a t  i s ,  t h e  l o w e s t  i m p a c t s  and h i g h e s t  e l e c t r i c a l  g e n e r a t i o n ,  
and r e s u l t s  i n  a n  e x p e c t e d  u t i l i t y  o f  1 .0 .  S i n c e  i n d i v i d u a l  D 
p r e f e r r e d  a  lower  l e v e l  of  e l e c t r i c i t y  g e n e r a t i o n  t o  t h e  maximum 
3 . 0 ,  h i s  e x p e c t e d  u t i l i t y  was n o t  1 .0  f o r  t h e  r e f e r e n c e  c a s e .  
The i m p l i c a t i o n s  of  t h e  r e m a i n i n g  f o u r  p o l i c i e s  i n  T a b l e  4  
a r e  o u t p u t  f rom t h e  EIM. P o l i c y  1  h a s  most of  t h e  g e n e r a t i o n  
a t  c o a l - f i r e d  p l a n t s  w i t h  r e l a t i v e l y  good p o l l u t i o n  c o n t r o l .  
Nuc lea r  power c o n t r i b u t e d  o n l y  a b o u t  20 p e r c e n t  of  t h e  c u m u l a t i v e  
g e n e r a t i o n  f rom 1970 t h r o u g h  2000. P o l i c y  2  h a s  t h e  same 
e l e c t r i c i t y  g e n e r a t i o n ,  and n e a r l y  60 p e r c e n t  i s  f rom n u c l e a r  
s o u r c e s .  P o l i c y  3  h a s  a b o u t  40 p e r c e n t  of  t h e  g e n e r a t i o n  f rom 
n u c l e a r  s o u r c e s  and t h e  remainder  f rom c o a l - f i r e d  p l a n t s  t h a t  u s e  
l o w - s u l f u r  c o a l  o b t a i n e d  from s u r f a c e  mines  t h a t  a r e  more t h a n  
2000 k i l o m e t e r s  f rom t h e  power p l a n t s .  p o l i c y  4 h a s  abou t  
25 p e r c e n t  less e l e c t r i c a l  g e n e r a t i o n ,  and c o a l - f i r e d  p l a n t s  
p roduce  a b o u t  75 p e r c e n t  of  t h e  t o t a l  g e n e r a t i o n .  
I f  it i s  assumed t h a t  t h e  i n d i v i d u a l s  e x p r e s s e d  t h e i r  t r u e  
p r e f e r e n c e s  and t h a t  t h e y  a c t  i n  a  l o g i c a l l y  c o n s i s t e n t  manner,  
t h e  e x p e c t e d  u t i l i t i e s  c a n  b e  used t o  i n d i c a t e  t h e i r  o v e r a l l  
p r e f e r e n c e s .  Under t h e s e  c o n d i t i o n s ,  T a b l e  4 shows t h a t  a l l  
f i v e  i n d i v i d u a l s  s h o u l d  p r e f e r  o n e  o r  more o f  t h e  o t h e r  p o l i c i e s  
t o  p o l i c y  3. T h i s  i s  p r i m a r i l y  t h e  r e s u l t  o f  t h e  l a r g e  number 
o f  f a t a l i t i e s  e x p e c t e d  f o r  p o l i c y  3  and t h e  r e l a t i v e l y  h i g h  s c a l -  
i n g  f a c t o r  e a c h  of t h e  i n d i v i d u a l s  p l a c e d  on  f a t a l i t i e s  ( T a b l e  3 ) .  
I n d i v i d u a l  C i n d i c a t e d  a  s t r o n g  p r e f e r e n c e  t o  a c h i e v e  a  
c e r t a i n  l e v e l  of  e l e c t r i c a l  g e n e r a t i o n ,  and t h e r e f o r e  h e  had 
h i g h e r  e x p e c t e d  u t i l i t i e s  f rom p o l i c i e s  1 ,  2,  and 3  t h a n  f rom 
p o l i c y  4 ,  which had a  lower  l e v e l  o f  e l e c t r i c i t y  g e n e r a t i o n .  
I n d i v i d u a l s  A ,  B ,  and E would b e  a l m o s t  i n d i f f e r e n t  between 
p o l i c y  2,  w i t h  h i g h  g e n e r a t i o n  main ly  f rom n u c l e a r  s o u r c e s ,  
and p o l i c y  4 ,  w i t h  lower  g e n e r a t i o n  and l e s s  n u c l e a r  p e n e t r a t i o n  
No s t r o n g  p r e f e r e n c e s  a r e  e v i d e n t  between p o l i c i e s  1  and 
2,  a l t h o u g h  a l l  f i v e  i n d i v i d u a l s  show s l i g h t l y  h i g h e r  e x p e c t e d  
u t i l i t y  f o r  p o l i c y  2. Thus,  i f  t h e  p u r p o s e  o f  t h e  a s s e s s m e n t  
were  t o  i n d i c a t e  whe ther  a  m o s t l y  c o a l  o r  m o s t l y  n u c l e a r  f u t u r e  
is  p r e f e r r e d  by t h e  d e c i s i o n  maker,  f u r t h e r  a n a l y s i s  would be  
n e c e s s a r y .  I f  t h e s e  t e c h n i q u e s  w e r e  a p p l i e d  t o  a  r e a l  p o l i c y  
s t u d y ,  t h e  a t t r i b u t e  l i s t  would b e  expanded t o  i n c l u d e  o t h e r  
i m p a c t s  and t o  i n c l u d e  c o n v e n t i o n a l  c o s t s .  
T a b l e  4 .  E x p e c t e d  u t i l i t i e s  f o r  f i v e  i n d i v i d u a l s  f o r  s e v e r a l  p o l i c i e s .  
A t t r i b u t e s  and  
E x p e c t e d  
U t i l i t i e s  
T o t a l  
q u a n t i f i e d  
f a t a l i t i e s  
SO2 p o l l u t i o n  
6  (10 t o n s )  
R a d i o a c t i v e  
w a s t e  ( m e t r i c  
t o n s )  
E l e c t r i c i t y  
g e n e r a t e d  
(lo1* kwh ( e )  ) 
E x p e c t e d  A  
u t i l i t y  f o r  B 
i n d i v i d u a l  C  
D 
P o l i c y  2: 
M o s t l y  
N u c l e a r  
240  
8 . 0  
1 6 0  
1 . 7  
0 . 6 6  
0 . 6 3  
0 . 8 3  
0 . 6 6  
0 . 7 2  
P o l i c y  3 :  
Low S u l f u r  
C o a l  f rom 
D i s t a n t  
Mines  & 
Some N u c l e a r  
6  8 0  
8 . 6  
110 
1 . 7  
0 . 1 4  
0 .14  
0 . 6 4  
0 . 2 4  
0 . 3 1  
R e f e r e n c e  Case :  
A t t r i b u t e s  a t  
E x t r e m e  L e v e l s  
100 
5 . 0  
0.0 
3  .O 
1.00 
1.00 
1.00 
0 . 9 2  
1.00 , E  
P o l  i c y  4  : 
M o s t l y  C o a l  
w i t h  L e s s  
E l e c t r i c i t y  
2  8 0  
9 . 5  
5  4  
1 . 3  
0 . 6 5  
0 . 6 5  
0 . 4 1  
0 . 7 3  
0 . 7 4  
P o l i c y  1: 
M o s t l y  C o a l ,  
Good P o l l u -  
t i o n  C o n t r o l  
3 8 0  
1 2  
6  1 
1 . 7  
0 . 5 3  
0 . 5 6  
0 . 7 6  
0 . 6 2  
0 . 6 5  
The utilities in Table 4 can also be directly used if 
uncertainty is incorporated into the models. For example, 
if individual A had a choice between: 
Alternative 1: Definite impacts of policy 1, and 
Alternative 2: A 50 percent chance of the impacts of 
policy 2 and a 50 percent chance of the 
impacts of policy 3, 
he should prefer alternative 1 ,  since his expected utility for 
this is 0.53 and for alternative 2 is only 0.5(0.66 + 0.14) = 
0.40. This expected utility feature is one of the main reasons 
for using multiattribute utility for analyzing problems where 
uncertainties are important. In this particular example, the 
uncertainties could be associated with the levels of impacts or 
the ability to carry out the policies. 
4. BENEFITS OF THE PROCESS AND IMPLEMENTATION 
In the last section, we observed how a utility function can 
assist one in evaluating policy. The process of assessing the 
utility function has many benefits in itself. It can be a 
substantial aid in identifying and sensitizing individuals to 
important issues, generating and evaluating alternatives, 
isolating and resolving conflicts of judgment and preference 
among members of the decision-making team, communicating among 
the several decision makers and, in this particular application, 
identifying improvements needed in the impact model. 
4.1 Communication 
The assessment of preferences forces individuals to be 
more precise in deciding why they feel certain levels of attri- 
butes are important. Clearly policy makers must face such 
issues regularly. However, owing to the complexities that cloud 
their choices, the value tradeoffs involved are sometimes 
unclear. The assessment formalization helps to make the trade- 
offs more explicit. With a better understanding of one's own 
tradeoffs, it should be easier to communicate them to others. 
The communication then serves as a catalyst to identify parts 
of the problem that were previously overlooked. For example, 
the initial reaction to a tradeoff involving human fatalities 
and other impacts is often discomfort as one must effectively 
place a value on human life (or a reduction in someone's 
lifetime). The viewpoint eventually reached is that such 
tradeoffs are practical questions that must be addressed for 
rational decisions. 
4.2 Identifying and Sensitizing Individuals to Important Issues 
When one assesses preferences, it is often the case that the 
respondent says, for example, "I can't answer that definitely, 
because it depends on ...". This indicates important structural 
relationships sometimes not present in the model. For instance, 
in our simplified example given in Section 2, a decision maker 
may say that tradeoffs between fatalities and energy generated 
depends on who is dying, how, and when. If this is important 
for making the decision, then obviously the decision maker 
should have the information when the decision is made. In 
trying to informally analyze the entire problem, such issues 
are sometimes overlooked. 
As mentioned earlier, some people feel that occupational 
risks are partially compensated by salary premiums, and therefore 
occupational health and safety should be considered separately 
from health and safety of the general public, who expose themselves 
to the risks involuntarily. In addition, some people feel that 
a disabling illness that gradually leads to death is worse than 
a fatality caused by an accident. The timing of the impacts 
must also be addressed. Radiation health impacts may not appear 
for many years after the exposure due to the electrical 
generation, while uranium mining fatalities occur some years 
before the generation occurs. The generation itself may be taking 
place over a period of years. Thus, in the limit, one can 
imagine separate impact categories for occupational health impact 
in time period 1 ,  occupational accident impact in time period 1, 
public health impact in time period 1, and so forth. The method 
for aggregating these impact categories is part of the preference 
assessment. 
4.3 Isolating and Resolving Conflict 
Roughly speaking, the scaling factors in equations (1) and 
(2) designated by the ki's indicate the importance of the respec- 
tive attributes, given the possible ranges of concern. If these 
differ for individuals, it may be possible to go behind the answers 
and to get at the reasons why they differ. For example, one might 
find that an individual who originally assessed a rather large k2 
(associated with SO2 pollution) relative to kl (associated with 
fatalities) had knowledge of large detrimental impacts of SO2 of 
which other individuals were not aware. Upon reflection, some 
individuals may then change their preferences in a manner to 
reduce the conflict. 
The assessment process, a period of reflection and discus- 
sions with other people, resulted in some changes in scaling factors 
and single-attribute utility functions for at least one of the 
individuals involved in this study 1141. The explicit statements 
concerning one's preferences that are required during assessment 
are sometimes difficult to provide, especially when one must 
associate for the first time some unquantified effects with a 
proxy variable. After such an experience, individuals may be 
more likely to discuss their judgments about particular 
attributes that are weighted more heavily by some than others. 
4.4 Improvements in Impact Models 
The three above mentioned advantages of the formalism of 
preference models have desirable effects for the development 
of the impact model. It helps to focus on what impacts should 
be modelled, on structural relationships and interdependencies 
that indicate how to model these impacts, and on data needed 
for a responsible modelling effort. The modellers are made 
aware of additional areas of concern and what proxy variables 
are appropriate for impacts that are difficult to quantify in 
conventional terms. 
4.5 Generating Alternatives 
Because of different preferences, we may find that a 
particular "best" overall alternative is rated very good by 
most of the members of the decision group, but rather low by 
a few. By detailed examination, it might be clear that the 
reason it is low is attribute X3, for example. Then by focus- 
sing thought on alternatives that might improve things on 
attribute X , the group may come up with an alternative that 
is much betser for those whose preferences were low and which is 
only slightly worse for the others. Conceivably, one might even 
find a new alternative that is better for everyone. Because of 
the complexity of the problem, it is sometimes possible to 
generate such "dominant" alternatives. 
5. POTENTIAL IMPLEMENTATION OF THE METHODOLOGY 
This report described a methodology for using decision 
analysis in conjunction with environmental impact analysis of 
energy systems. In addition to the methodology presented, a 
simplified example was presented for evaluating several energy/ 
environment policies in the state of Wisconsin. It was shown how 
a utility function can assist one in evaluating alternative 
policies, and that the process of assessing the utility function 
also has many benefits in itself. This section points toward 
the future and suggests some possible mechanisms and benefits 
of application of this methodology in the three regions studied 
in the IIASA research program. 
Because each of the three regions has a very different set 
of energy/environment models as well as greatly differing 
institutional structures for decision and policy making, the use 
of decision analysis would differ in each case. It might be 
more applicable to specific policy issues in a given region than 
in others. However, in view of the many man-years of scientific 
effort that have been devoted to constructing energy/environment 
models in each of the countries, it does not seem at all 
unreasonable to consider devoting a modest amount of time to 
the construction of preference models for use with impact models. 
A relatively small amount of effort may have a significant effect. 
Some alternative approaches to the application of the methodology 
are outlined below for each of the three regions. 
5.1 Wisconsin 
Energy/environment decision and policy makers in Wisconsin 
operate within a relatively decentralized structure, that is, 
the decision making is diffuse. As a consequence, the information 
and technical expertise is also distributed broadly throughout 
a number of agencies and offices. The methodology described 
in this report could be used to conduct formal assessments of 
decision makers and policy makers at various levels of 
government to provide them with a better understanding of the 
tradeoffs among the many complex issues. Clearly, in this case 
the method would not be used to provide a recipe for overall formal 
decision making but rather as a tool to improve communication, 
clarify some of the more complex issues, help generate alterna- 
tives, and to help individual decision making units in the system. 
A second use of the methodology would be the assessment 
of the scientific and technical staff of the Wisconsin energy 
and environment commissions to aid them in structuring their 
research priorities. One of the major objectives of this appli- 
cation is the identification of gaps in knowledge and in 
methodology. In Wisconsin, the approach might be of value to 
the Public Service Commission, the Department of Natural 
Resources, the Department of Transportation, the State Planning 
Office and perhaps others. 
A less conventional, and as yet untested use of this 
methodology, would be as a means of interaction with public interest 
groups for the purpose of clarifying their understanding of and pos- 
itions on energy/environment issues. For example, in Wisconsin the 
Environmental Defense Fund, the Sierra Club, and the League of 
Women Voters might be appropriate clients for this method. 
It would help not only to clarify the issues and perhaps raise 
the level of the discussions, but it might also help these public 
interest groups to arrive at their positions on a specific 
issue. Clearly, this use is not without its problems; it is 
understandable that a user of such an approach must be convinced 
that it will provide him with additional information on which 
to make his decisions and with which he can better achieve his 
objectives. 
Another as yet untried application would be its use as a 
pedagogical tool in formal public presentations or discussions 
in the energy/environment area, for example, with the use of 
an interactive computer model on closed circuit television. In 
this case the methodology would serve as a communications tool. 
Each of the above suggested applications for Wisconsin is 
also of potential use in the Rh6ne-Alpes, but because the region 
has far less decision capability within the government, the 
applications of the methodology would be different. Use of the 
methodology as an aid in laying out research priorities might 
be appropriate for helping French national agencies to under- 
stand the regional aspects of their policies and to establish 
their research priorities related to regional questions. 
~lectricitg de France has a major nuclear power expansion planned 
for the Rh6ne-Alpes region. The use of an impact model in 
conjunction with a preference model could help to clarify the 
issues as perceived by local groups in that region. From 
another perspective, we found interest on the part of local 
agencies in using this approach as a discussion tool. During 
the IIASA Workshop on Management of Energy/Environment Systems 
in November 1975 [ 4 ] ,  various local French participants expressed 
interest in further experimentation with the method. 
5.3 The German Democratic Republic 
Each of the above approaches could also be applied in one 
way or another in the GDR. However, because there is much 
greater use of formal government planning in the GDR, less 
emphasis would probably be given to its use in interaction with 
local and public groups. It seems admirably suited for use in 
efforts to obtain appropriate objective functions for formal 
optimization models in the energy and environment sectors. 
One major problem associated with the use of formal optimization 
procedures is defining suitable objective functions and 
constraints. Clearly, these objective functions and constraints 
should take into account a multitude of costs, benefits, system 
attributes, and the like; decision analysis could help considerably 
to determine the ways in which these should be combined within 
a formal optimization procedure. Research is currently underway 
at IIASA to develop a formalism for incorporating decision 
analysis into formal optimization procedures for enerqy/environment 
system planning [ 4 ]  . 
The above suggestions are only indicative of possible 
uses of decision analysis as a tool for embedding impact 
models into an institutional framework for policy design 
and analysis. Such an approach would require in each of the 
three regions the development of some knowledge of decision 
analysis and utility theory. Admittedly, the use of the 
technique is as much an art as a science. However, the same 
could be said about building an impact model from an infinite 
array of possible environmental impacts. 
In ending this discussion, we must add the obvious caveat. 
Even though a preference model combined with an impact model 
can be used to evaluate alternatives, the answers and impli- 
cations for action are all conditional on the model being a 
complete representation of the real world. This is clearly 
never the case. The composite model can serve as an aid to 
decision makers but it cannot and should not ever replace them 
or their judgment in making decisions. 
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